Recent advances in hybrid PET/MR imaging have opened new perspectives for cardiovascular applications. Although cardiac MR imaging has gained wider adoption for routine clinical applications, PET images remain the reference in many applications for which objective analysis of metabolic and physiologic parameters is needed. In particular, in cardiovascular diseases-more specifically, coronary artery disease-the use of quantitative and measurable parameters in a reproducible way is essential for the management of therapeutic decisions and patient follow-up. Functional MR images and dynamic assessment of myocardial perfusion from transit of intravascular contrast medium can provide useful criteria for identifying areas of decreased myocardial perfusion or for assessing tissue viability from late contrast enhancement of scar tissue. PET images, however, will provide more quantitative data on true tissue perfusion and metabolism. Quantitative myocardial flow can also lead to accurate assessment of coronary flow reserve. The combination of both modalities will therefore provide complementary data that can be expected to improve the accuracy and reproducibility of diagnostic procedures. But the true potential of hybrid PET/MR imaging may reside in applications beyond the domain of coronary artery disease. The combination of both modalities in assessment of other cardiac diseases such as inflammation and of other systemic diseases can also be envisioned. It is also predicted that the 2 modalities combined could help characterize atherosclerotic plaques and differentiate plaques with a high risk of rupture from stable plaques. In the future, the development of new tracers will also open new perspectives in evaluating myocardial remodeling and in assessing the kinetics of stem cell therapy in myocardial infarction. New tracers will also provide new means for evaluating alterations in cardiac innervation, angiogenesis, and even the assessment of reporter gene technologies. The fusion of 2 potentially competing modalities can certainly offer the best of each modality in a single procedure. The impact of such advanced technology in routine clinical practice will still need to be demonstrated. Beyond the expected improvement in patient management and the potential impact on patient outcome, PET/MR imaging will also need to establish its medicoeconomic justification in an era of health-care economic restrictions. Theemer gence of hybrid PET/CT more than a decade ago has changed the perspective on the applicability of PET in clinical routines. The added value of anatomic localization and morphologic characterization provided by CT images allowed a better confidence in PET image interpretation and diagnostic accuracy, yielding a wider adoption of PET investigation in clinical practice. Although mostly driven by oncologic applications, the wider availability of PET/CT scanners has led to its broader access for other applications such as cardiology and neurology. Despite limitations in reimbursements, the progressive increase in PET/CT applications for the assessment of cardiovascular diseases has made its way among the wide range of diagnostic imaging modalities in cardiology. The rapid evolution of hybrid PET/CT with multidetector CT scanners that allow high-definition dynamic imaging of the heart and coronary vessels has opened a new perspective on cardiac imaging by providing combined anatomic and functional evaluation of coronary disease and alterations in cardiac function (1). At the same time, MR imaging technology has evolved, with new advanced imaging methods that are applicable to diagnostic and functional analysis of the heart and great vessels. Although high-definition cine sequences provided high-definition dynamic visualization of the heart and valvular structures, first-pass imaging of contrast medium transit through the myocardium was shown to depict stress-induced alteration in myocardial blood flow, differentiating between normal and hypoperfused myocardium (2). In some ways, MR imaging provides additional and valuable information that CT cannot provide, but it lacks the temporal and spatial resolution of CT for the accurate visualization of the coronary arteries. The unmatched accuracy of PET for the measurement of myocardial perfusion and the assessment of myocardial viability has contributed to the competition between PET/CT and MR imaging for investigating coronary artery disease (CAD) and other cardiovascular afflictions. The higher radiation exposure and limited reimbursement policies of PET/CT have given MR imaging a significant advantage, leading to a broader adoption in clinical practice. It may therefore be foreseeable that hybrid PET/MR imaging could benefit from the best of the 2 modalities and lead to a better synergy between the metabolic capabilities of PET tracers and the functional and anatomic performance of MR imaging.
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The aim of this article is to review the early observations and clinical applications of hybrid PET/MR imaging in the evaluation of cardiovascular disease and CAD in particular. This article also highlights other potential applications of hybrid PET/MR imaging beyond the scope of CAD that may foresee the application of this technique in other cardiovascular uses such as the evaluation of vascular atherosclerotic plaques and, through the development of new radiotracers, the assessment of alterations in neurotransmitters, the evaluation of mechanisms of angiogenesis, and even the follow-up of stem cell therapy.
GENERAL PERSPECTIVES ON PET/MR IMAGING APPLICATIONS
The first difficulty in assessing the impact and potential perspective of hybrid PET/MR imaging is the diversity and technical differences of the first devices that appeared on the market. Although the first generation included separate or coplanar PET and MR imaging scanners, they were based on state-of-the-art, photomultiplier-based PET scanners that offered the highest definition and best technical performance, allowing in particular time-of-flight image acquisition. The limitation of these early hybrid devices is that they did not allow simultaneous acquisition of images from both modalities and they required sequential acquisitions. In the next generation of integrated PET/MR imaging devices, avalanche photodiode PET detector modules are incorporated inside the bore of the MR scanner. Despite the more limited temporal performance and spatial resolution of the first generation of avalanche photodiodes compared with standard photomultiplier detectors, the integration inside the MR scanner allowed simultaneous acquisition of PET and MR images of a given segment of the body (3). A second generation of integrated devices using higherperformance solid-state photomultipliers that provide higher sensitivity and temporal resolution and allow time-of-flight imaging are arriving on the market. The rapid change in technology and the variety of devices installed restrict the ability to gather sufficient clinical experience to properly evaluate the added value of hybrid acquisition over traditional combinations of PET and MR imaging data that are acquired on separate devices at different points in time.
However, in evaluating the potential impact of these new devices, one should emphasize the strong contribution of the ability of PET to provide objective and quantitative measurements that MR imaging lacks. It is therefore essential for cardiovascular application to benefit from the best possible performance of the PET component (4) . Also, given the wealth of diagnostic and functional information that MR images can provide, comparison with conventional PET/CT scanners is relatively difficult.
Apart from the technical aspects of the different solutions for integrating PET and MR modalities while maintaining the best performance of each modality without interference between them, the main challenges in applying PET/MR imaging for cardiovascular applications are the development of reliable attenuation correction techniques, the design and implementation of optimized protocols, and efficient patient workflow. An example of cardiac viability assessment using a coplanar PET/MR imaging system is displayed in ½Fig: 1 Figure 1 . Another challenge is the need to bring together a multidisciplinary team that can provide the necessary sets of expertise and skills for designing acquisition protocols and performing complex analysis and image interpretation in this uncharted environment, as discussed in recent articles by Rischpler et al. (5) and Ratib et al. (6) . The general limitations of patients who cannot be imaged with a PET/MR imaging device are the same as those with known contraindications to MR imaging, including patients who have claustrophobia; patients with a pacemaker, metallic clips, or mechanical valves; and large patients because of the small scanner apertureonly about 60 cm in diameter for the current generation of PET/MR imaging scanners.
Lack of reimbursement of cardiac MR imaging and PET procedures can lead to the same restrictions as were known for PET/CT studies that were not endorsed by insurance companies and third-party payers.
WHAT MR IMAGING CAN BRING TO CARDIAC PET IMAGING
CAD is among the major public health issues of our Western societies and is still largely perceived as a consequence of the incremental occlusion of coronary arteries through progressive vascular stenosis that can be diagnosed by coronary angiography and treated by percutaneous or surgical coronary revascularization. Today, an unreasonably large number of symptomatic and asymptomatic at-risk patients with suspected CAD will undergo coronary angiography with normal findings (7) . Also, recent large randomized trials have emphasized the limitations of coronary arteriography studies that lead to therapeutic interventions based only on the morphologic severity of epicardial coronary stenosis; these trials advocate for additional proof of hemodynamically significant stress-induced reduction in coronary flow before any therapeutic interventions are undertaken (8) (9) (10) .
The myocardial perfusion imaging technique using contrastenhanced cardiac MR imaging (CMR) of the myocardium is an established modality with numerous well-documented studies describing diagnostic accuracy comparable to that of SPECT, which is more susceptible to soft-tissue attenuation and carries the disadvantage of additional radiation exposure to the patient (11, 12) . On the basis of these observations, CMR is generally regarded as a safer procedure than traditional nuclear medicine imaging techniques, despite some preliminary studies that show associated DNA damages after CMR (13) in similar proportions to those already known with x-ray and g-ray exposure and that document infrequent, gadolinium-related nephrogenic systemic fibrosis. The major advantages of CMR remain its excellent soft-tissue contrast, higher spatial resolution, and the possibility of complementing the myocardial perfusion examination with additional diagnostic criteria regarding cardiac volume and ventricular function, soft-tissue characterization, and valvular morphology, in addition to its ability to delineate scar tissue and differentiate viable from nonviable myocardium after myocardial infarction. Most CMR examinations are performed and validated on systems with 1.5-T magnetic field strength. Current MR scanners used in hybrid PET/MR imaging are based on a 3.0-T field strength, enabling a better signal-to-noise ratio at the expense of more frequent susceptibility effects and radiofrequency inhomogeneities that require finely tuned acquisition parameters and higher expertise in analyzing the results and avoiding false interpretations (14) . The prerequisites of fine tuning and higher expertise might partly explain the relative lower performance of CMR as compared with SPECT in assessing myocardial perfusion in controlled multicentric studies (15) . The general limitations of perfusion CMR are limited spatial coverage and low first-pass extraction of contrast medium, which lead to the underestimation of flow differences that have so far prevented clinically meaningful evaluation of absolute myocardial blood flow (16) . To date, direct comparison studies between CMR and PET perfusion are relatively limited.
Although different imaging techniques are available for the evaluation of myocardial perfusion, PET remains the reference technique that has been extensively validated for the accurate detection of hemodynamically significant coronary stenosis as compared with invasive coronary angiography; PET also provides accurate and reproducible evaluation of absolute myocardial blood flow at rest and under stress conditions, as well as an accurate estimate of coronary flow reserve (17) . The different PET perfusion tracers are either freely diffusible ( 15 O-water) or metabolized ( 13 N-ammonia and 82 Rb) with important first-pass activity and retention; they also provide predictable kinetic models that can be applied using an arterial input function gathered through dynamic acquisition of the whole heart. Absolute measures of myocardial blood flow and coronary flow reserve, defined as the ratio of stress to rest myocardial blood flow, have been shown to assist in the diagnosis of CAD, complementing the relative comparison of regional blood flow in patients who have a normal relative flow pattern, as might occur during balanced reduction of regional perfusion in the context of diffuse coronary disease (18) . Myocardial activity and coronary flow reserve also detect the preclinical alteration of coronary vasomotion that might be properly addressed by correcting coronary risk factors (19) .
Some limitations of the assessment of myocardial perfusion with PET are related to the volatility of perfusion PET tracers, the relatively moderate spatial resolution, and the associated albeit reduced radiation to the patient as compared with myocardial perfusion obtained by SPECT. The very short physical half-life of some PET perfusion tracers requires on-site cyclotron or rubidium generators that represent a high initial cost compared with SPECT perfusion tracers. This factor, along with limited reimbursement by insurance companies outside the United States, has limited the wider use of PET perfusion studies despite evidence of a better diagnostic accuracy and cost-effectiveness as compared with other modalities. However, new promise for future PET perfusion studies is offered by new 18 F-labeled perfusion tracers arriving soon on the market that have a 110-min half-life, high first-pass extraction, and nearly linear flow-related uptake (20) . The quantitative assessment of the transmural extension of perfusion defects with PET perfusion tracers has been well demonstrated (21) . However, the detection of subtle subendocardial ischemia may suffer from the limited resolution of PET. The new generation of PET scanners with improved spatial resolution and new 18 Flabeled flow tracers is expected to further improve the performance of PET for the detection and quantification of regional myocardial ischemia. These benefits can probably be demonstrated only in prospective studies using hybrid systems that can perform coregistration of the 2 modalities with a high degree of accuracy and can benefit from the high resolution and morphologic localization of regional alteration that MR imaging can provide. Furthermore, PET perfusion studies that may possibly detect preclinical vasomotor coronary dysfunction might also add a new perspective for screening in symptomatic patients, provided that global radiation exposure is significantly reduced when using MR imaging instead of CT for attenuation correction (22) .
Another domain of interest is patients with ischemia-related left ventricular dysfunction in whom improvement in myocardial contractility can be expected after revascularization procedures, provided that sufficient residual myocardial viability has been demonstrated (23) . A review of the diagnostic performance of different imaging modalities in unveiling myocardial viability is beyond the scope of the present review (24) , but viability is becoming a highly relevant condition for defining the appropriateness of applying interventional techniques for the revascularization of chronic totally occluded coronary arteries, particularly in the scope of the increased prevalence of chronic ischemic cardiomyopathy in the aging population. Preliminary results of recent controlled trials investigating the role of different clinical pathways that integrate a viability imaging procedure before revascularization outline the difficulty in recruitment and implementation of complex therapeutic procedures in such inhomogeneous groups of patients (25, 26) . Recent recommendations still support the need for an objective, selective therapeutic approach in patients who have proven myocardial viability and can benefit from such treatments. However, the current limitations of PET metabolic imaging using 18 F-FDG (sensitivity, 92%; specificity, 63%) or CMR morphologic and functional imaging based on late gadolinium enhancement (LGE), combined with dobutamine-induced dysfunction in left ventricular contractility (sensitivity, 84%; specificity, 63%) must be considered (27) . The combination of both modalities can yield more accurate and objective assessment of viable and functionally recoverable myocardial tissue. In this group of patients, the limited risk of radiation exposure from PET is extremely low compared with the relevance of the impact of effective therapeutic intervention and the long-term risks of chronic and progressive cardiac dysfunction. The limitations of PET in this regard are due to the natural inhomogeneity in myocardial substrate use that requires special and careful patient preparation using glucose infusion, insulin, or acipimox before the study, which is often quite challenging in diabetic patients (28) . The moderate spatial resolution of conventional PET systems is also a technical limitation for discriminating subendocardial scarring from viable myocardium with a mildly altered metabolic uptake. Keep in mind that 18 F-FDG is a nonspecific metabolic tracer, the uptake of which can be increased in areas of inflammations (as in recent infarction and cardiac inflammatory diseases) as well as in chronically ischemic regions that will shift to high 18 F-FDG metabolic activity compared with adjacent normal or reduced uptake in nonischemic myocardium ( ½Fig: 2 Fig. 2) . The accurate interpretation of findings of cardiac PET examinations requires careful analysis of a variety of conditions that can interfere with the physiologic relationship between metabolic abnormalities and underlying coronary disease, including the knowledge of coronary occlusion, coronary distribution, and left ventricular functional parameters, all of which can be extracted from CMR studies. This need was recently highlighted by a study by Abraham et al. (29) describing an improved patient outcome in centers that have highly specialized cardiac expertise compared with standard-care facilities. Using CMR data systematically to complement viability PET data is undoubtedly opening new perspectives for better management of CAD patients, but it can also raise some legitimate questions in the added complexity of the uncertainty of results with combined modalities. The complementary findings gathered by each modality can certainly increase the physician's confidence in identifying scar tissue in regions with a matched reduced perfusion-metabolic pattern and extensive LGE (.75%). Similarly, those areas with mismatched metabolic patterns and an absence of significant LGE (,25%) can identify segments with viable myocardium and 
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However, discrepant findings between the 2 modalities with a mismatch between molecular (perfusion-metabolism) and functional (LGE, low dobutamine-enhanced contractility) evaluations is relatively frequent, occurring in 20%-36% of cases, and it remains unclear how these findings should be considered for the clinical management of these patients (30) . More longitudinal controlled studies are needed to better understand the impact of these unmatched regional alterations on patient outcome and whether patients may require revascularization interventions. Another aspect of MR imaging that still remains to be investigated is the value of a rest perfusion study that can be acquired before LGE and its value in place of an additional PET or SPECT perfusion study for the evaluation of myocardial perfusion patterns at rest.
However, one should still consider that for both early CAD detection and characterization of advanced CAD, CT will probably still play an important role when associated with PET and its ability to quantify coronary calcification as a prognostic marker as well as its ability to visualize coronary anatomy that is currently not feasible with MR imaging (31) . With recent improvements in CT technology and processing that allow very low-dose coronary CT angiography and functional assessment of ventricular function, along with the potential capabilities of future systems for evaluating myocardial perfusion and delayed enhancement with exquisite nonisotropic resolution, PET/CT will continue to be a competing hybrid modality for the assessment of CAD (32) .
WHAT PET CAN BRING TO OTHER CMR APPLICATIONS Inflammatory Cardiomyopathies
The high spatial resolution and soft-tissue characterization of cardiac MR imaging has shown a great potential in the identification and evaluation of myocardial alteration related to inflammatory cardiomyopathies such as sarcoidosis. Sarcoidosis is a granulomatous disease of unknown etiology that most commonly affects the lungs and mediastinal lymph nodes, with cardiac involvement responsible for 30%-85% of deaths from an atrioventricular conduction block or ventricular arrhythmia (33) related to granulomatous infiltration or subsequent fibrotic scars. The diagnosis of cardiac sarcoidosis is often confirmed invasively by endomyocardial biopsy performed through right heart catheterization. Since cardiac involvement is inhomogeneous, the histologic confirmatory diagnostic and procedural risks are related to the number and location of samples, and there is a high prevalence of negative findings. An accurate noninvasive imaging technique is therefore necessary to exclude cardiac involvement or to help guide biopsy in segments with suspected infiltration. Cardiac MR imaging has emerged as the current modality of choice for the diagnosis of cardiac involvement, with regional functional assessment and T2-weighted sequences for the detection of edema and inflammation complementing the LGE sequences for the identification of fibrotic tissue (34) . Some initial case reports demonstrat- Patient admitted for recent-onset dyspnea on exertion whose cardiac ultrasound showed severely decreased left ventricular ejection fraction (30%) with inferior-to-posterolateral akinesia. Perfusion SPECT showed fixed defect in same territory. Viability PET/MR imaging study showed significantly decreased metabolic activity of posterolateral wall on short-axis (A) and 4-chamber (D) views. These areas of decreased tracer uptake match perfectly segments showing late gadolinium enhancement on MR images (C and F, respectively), as shown on fused images (B and E). ing the value of 18 F-FDG PET studies for identifying cardiac sarcoidosis (35) have been followed by more systematic studies of PET perfusion and metabolic patterns of cardiac involvement (36) . Several prospective studies documented the diagnostic and prognostic value of 18 F-FDG PET in cardiac sarcoidosis (37, 38) . Correlative studies of CMR and PET showed comparable accuracy of both modalities in detecting myocardial lesions, with better correlation of abnormal PET findings to elevated angiotensin-conversing enzyme levels but relatively poor specificity (only 38.5%) (39) . These results may also be related to suboptimal patient preparation and insufficient cardiac metabolic suppression protocols, including extended fasting; a low-protein, high-fat diet; or heparin infusion. Also, different distributions of abnormal findings using CMR and PET were observed due to concomitant coronary artery disease and other myocardial inflammatory processes. However, simultaneous PET/MR imaging in patients with suspected cardiac sarcoidosis benefits from the improved spatial resolution of LGE sequences to describe areas of myocardial infiltration that can be further characterized by their metabolic activity on PET images as inflammatory or scar-related, complementing the less specific MR sequences. PET also provides a more comprehensive whole-body assessment of extracardiac involvement, including pulmonary or neurologic extensions of the disease that are less accessible by MR imaging alone. Some examples 
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Other Infiltrative Cardiomyopathies
The recent development of PET tracers for amyloid plaque identification in Alzheimer disease has generated potential interest in the evaluation of cardiac amyloidosis, a condition that is traditionally diagnosed using MR imaging (40) . MR images usually show unspecific focal LGE abnormalities related to minor fibrosis in the myocardium that are only a small expression of the disease in comparison with the massive amyloid infiltration most commonly affecting the subendocardial wall. Whereas the relatively modest scarring involvement in relation to amyloid infiltration is a limitation to diagnostic sensitivity, the subendocardial localization of such findings can also be potentially mistaken for existing myocardial infarction islands in CAD, thereby reducing the specificity of such findings for the confirmation of amyloidosis. The heart normally exhibits a low concentration of amyloid, and preliminary studies using amyloid PET tracers have shown promising results in the diagnosis of cardiac infiltration (41) (42) (43) .
OTHER POTENTIAL APPLICATIONS OF HYBRID CARDIAC PET/ MR IMAGING
The ability to acquire high-definition MR images with tissue characterization and functional capability, combined with metabolic information provided by current and future PET tracers, opens new perspectives in the clinical application of hybrid PET/ MR imaging beyond the assessment of coronary artery disease and myocardial viability.
One of the most promising applications is the evaluation and characterization of atherosclerotic plaques in peripheral vessels and potentially also in coronary vessels. The ability to detect highrisk vascular plaques even in the absence of significant luminal obstruction could help identify those plaques that could potentially rupture and cause future vascular events (44, 45) . The causes of plaque instability and high rupture risk are believed to be related to inflammatory processes and the accumulation of macrophages in the lipid core of vessel plaques (46) . Although inflammation can be detected with 18 F-FDG PET, more specific tracers are also being explored, such as tracers of intraplaque angiogenesis that can identify the proliferation of medial vasa vasorum, which has also been shown to occur in rapid plaque growth and plaque rupture. Therefore, PET imaging of inflammation and angiogenesis within atherosclerotic plaques may be useful to identify high-risk plaques and could also allow the monitoring of antiatherosclerotic therapies (47) . Among the new tracers being explored for the detection of plaque inflammation and angiogenesis is 18 F-galacto-RGD, which binds with high specificity to a v b 3 integrin, a cell surface glycoprotein receptor that is highly expressed during angiogenesis (48) . Although these early studies are promising, further preclinical and clinical studies are needed to characterize its uptake in plaques with high degrees of inflammation and neovascularization.
An alternative tracer recently evaluated for the assessment and characterization of atherosclerotic plaques is 18 F-labeled sodium fluoride ( 18 F-NaF). Preliminary studies suggest that 18 F-NaF uptake provides different information relating to metabolically active calcific plaques that are developing microcalcification (49) . Prospective studies to determine the relationship between 18 F-NaF uptake, morphologic plaque characteristics, and future cardiovascular events are still required in subjects with stable and unstable coronary disease.
Although these new tracers still have to make their way into clinical use, several studies have reported the use of 18 F-FDG PET imaging as a means of characterizing inflammatory activity in atherosclerotic plaques, and thus as a surrogate biomarker for detecting vulnerable plaques (50) .
Hybrid PET/MR imaging could also become the imaging modality of choice for the evaluation and follow-up of new therapeutic techniques aimed at tissue regeneration and myocardial repair. Recent studies have shown that PET imaging can be used for assessment of the kinetics of stem cell therapy in myocardial infarction. Dual labeling of stem cells with iron particles may offer new tools for monitoring the delivery, survival, and migration of cells after cell transplantation. However, the specificity of MR imaging and PET signals still needs to be validated in order to be applicable in cell therapy; therefore, hybrid PET/MR imaging is expected to play a major role in the validation process, allowing longitudinal studies that provide combined structural and biologic information.
DISCUSSION AND CONCLUSIONS
The integration of PET and MR imaging modalities in a single device will certainly open new perspectives in cardiac imaging by bringing together the 2 most advanced imaging technologies that provide competing but complementary information. Although MR imaging continues to expand in cardiology, becoming increasingly adopted in a clinical routine, the additional metabolic and functional information provided by PET tracers can provide valuable complementary data for specific subsets of patients who will benefit from the added diagnostic accuracy of PET. The first generation of coplanar PET/MR imaging devices that combined separate PET and MR imaging scanners led the way to new imaging protocols for the evaluation of myocardial viability and inflammatory cardiomyopathies. The more recent generation of integrated devices that allow the simultaneous acquisition of PET and MR images can provide the additional perspective of acquiring both modalities simultaneously after physiologic interventions such as pharmacologic stress. Integrated devices should allow the performance of rest and stress imaging protocols for the exploration of stress-induced ischemia in CAD, showing both functional and biologic alterations in myocardial function. Early reports have shown the feasibility of combined PET/MR imaging protocols for the detection of CAD (5) . The upcoming new generation of 18 F-labeled flow tracers will bring additional support for new PET applications in clinical practice in centers that do not benefit from a local cyclotron.
Further development of new tracers will expand the range of clinical capabilities of PET/MR imaging in cardiology, allowing more specific evaluation of vascular atherosclerosis and cardiomyopathy and the monitoring of new therapeutic tools for myocardial remodeling after acute ischemic events.
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